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The genetic analysis of nervous system development has 
revealed a’wealth of information about the molecular 
mechanisms that generate neural precursors and neu- 
ronal cell type diversity (Shankland and Macagno, 1992). 
Until recently, however, relatively little has been known 
about the genetic control of gliogenesis, in part because 
of the comparative lack of early markers specific for glial 
cellsor their immediate precursorsin organisms amenable 
to genetic analysis, such as Drosophila. One general rule 
that has emerged from lineage analysis of neurogenesis 
is that neurons and glia share a common precursor. This 
has been demonstrated in both the CNS and the PNS of 
both vertebrates and invertebrates (for reviews, see An- 
derson, 1969; McConnell, 1991; Doe and Technau, 1993; 
Jan and Jan, 1994). Since neurons and glia share a com- 
mon precursor, there may be genes that control the deci- 
sion between these alternative fates. Now, two papers 
from the Hotta and Goodman laboratories (Hosoya et al., 
1995; Jones et al., 1995) report the identification of an 
important component of this mechanism. Specifically, 
they have isolated a gene, glial cells missing (gem), whose 
presence or absence determines the choice between neu- 
ronal and glial fates. 
The idea that the product of a single gene can determine 
a choice between neuronal and glial lineages is not un- 
precedented. For example, in the grasshopper CNS, the 
development of precursors of midline glia and their neu- 
ronal siblings can be controlled in a reciprocal manner by 
the activity of the homeoprotein engrailed (Condron et al., 
1994) as well as by protein kinase A (Condron and Zinn, 
1995). Furthermore, in the vertebrate PNS, the choice be- 
tween neurbnal and glial fates by multipotent neural crest 
cells can be controlled by glial growth factor (GGF)/neu- 
regulin, a growth factor in the epidermal growth factor/ 
transforming growth factor a superfamily. In the presence 
of GGFlneuregulin, cells that would otherwise have be- 
come neurons instead choose a glial fate (Shah et al., 
1994). 
The mutation characterized by the Hotta and Goodman 
laboratories was first identified not by its glial phenotype 
but rather in the course of screens for mutations that affect 
axon pathfinding. gem homozygotes show a disruption of 
axons within the longitudinal connectives (Hosoya et al., 
1995; Joneset al., 1995).Thesamemutation wasindepen- 
dently identified in a P element screen for mutations affect- 
ing PNS development (Kania et al., 1995). Subsequent 
analysis of the gem expression pattern revealed a striking 
specific and transient expression in essentially all glial 
precursors in the embryonic CNS and PNS, with the ex- 
ception of the CNS midline glia, a special population of 
Minireview 
glia whose development has been shown to be dependent 
upon other genes. 
Analysis of the loss of function phenotype for gem was 
facilitated by the availability of a recently identified paired 
homeodomain protein specifically expressed by most or 
all glial cells in Drosophila, called REP0 (Xiong et al., 
1994; also known as RK2; Campbell et al., 1994). Strik- 
ingly, in agcm homozygous null mutant, virtually all REP0 
expression is eliminated in both the CNS and the PNS 
(Hosoya et al., 1995; Jones et al., 1995). Conversely, in 
embryos in which wild-type GCM was overexpressed in 
early neural precursors, a dramatic increase in the number 
of REPO+ cells was detected. That GCM acts autono- 
mously in progenitors of REPO-expressing cells was 
shown by analyzing IacZ expression in embryos con- 
taining a P element insertion in gem, where a persistence 
of P-galactosidase expression can be detected in REPO+ 
glial progeny of GCM+ precursors after endogenous gem 
transcripts are no longer detectable (Hosoya et al., 1995). 
What is the fate of the cells that would have expressed 
REP0 in a gem null mutant? The same persistence of 
P-galactosidase expression from the gem P element null 
allele was used to show that lacZ+ glial cells had been 
transformed into process-bearing cells that look like neu- 
rons (Hosoya et al., 1995). Analysis of the CNS with a 
molecular marker of neurons, Elav, showed a striking in- 
crease in the number of Elav’ cells (Hosoya et al., 1995). 
These data suggested that, in the absence of gem func- 
tion, presumptive glia were transformed into neurons, as 
defined by morphology and Elav expression. This conclu- 
sion is supported by analysis of two PNS lineages in which 
the phenotypes of neurons and glia are more easily recog- 
nized. In the pentascolapidal chordotonal organs, the five 
REPO’ ligament (glial) cells present in each organ were 
missing in gem mutants; in their place were up to five 
extra cells expressing some markers and a morphology 
characteristic of chordotonal sensory neurons (Hosoya et 
al., 1995; Jones et al., 1995). Similarly, in the PNS lineage 
that generates bipolar dendrite (BD) neurons, gem mu- 
tants lacked the associated REPO+ glia and instead con- 
tained an extra BD-like neuron (Jones et al., 1995). (How- 
ever, this neuron did not have a BD but did have an 
appropriate CNS projection, suggesting that the dendritic 
structure of these neurons requires interactions with glia; 
for further discussion, see Pfrieger and Barre% 1995.) 
Thus, these analyses in the PNS support the idea that in 
gem mutants presumptive glia are transformed into neu- 
rons (Figure 1, part II). Furthermore, they suggest that the 
supernumerary neurons exhibit a phenotype appropriate 
for the lineage and position in which the transformation 
occurs. 
A complementary result was revealed by the analysis 
of embryos in which GCM was overexpressed in neural 
precursors. In these cases, the excess REPO’ cells ap- 
peared to form at the expense of neurons, as indicated by 
a diminution in the number of Elav’ neuroblasts (Hosoya et 
al., 1995). Similarly, in the BD lineage of the PNS, GCM 
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Figure 1. Function ofgcm in the Development of Neuroglial Progenitors 
in the Embryonic Drosophila Nervous System 
In wild-type embryos (I), the neuroglial progenitors generate neurons 
and glia. In gem null mutants (II), the progenitors generate only neu- 
rons. In embryos overexpressing GCM (Ill), the progenitors generate 
only glia. 
overexpression caused two glial cells to be generated in- 
stead of one BD neuron and one glial cell (Jones et al., 
1995). The data indicate that ectopic expression of GCM 
causes presumptive neuronal precursors to become glial 
precursors instead (Figure 1, part II). Again, to the extent 
that glial cell type can be assessed in these embryos (prin- 
cipally by location and morphology), the extra glia that are 
formed by GCM overexpression appear appropriate to the 
lineage or organ examined. 
Together, these data suggest that GCM controls a 
choice between neuronal and glial fates by bipotent pro- 
genitors in both the CNS and PNS of Drosophila embryos 
(Figure 1). Moreover, since neurogenesis and gliogenesis 
are linked in wing imaginal discs(Giangrande, 1994), GCM 
may function in a similar decision after metamorphosis as 
well. How is a single gene able to control a switch between 
such apparently different cell types? The structure of the 
protein encoded by gem is novel, but antibody staining 
studies indicate that it is localized to the nucleus (Jones et 
al., 1995) suggesting that it is a new kind of transcriptional 
regulatory molecule. How might such a transcriptional reg- 
ulator act to determine the choice between neuronal and 
glial fates? One simple view is that the neuronal pathway 
is the default; in this case, the GCM protein would presum- 
ably act both to activate transcription of glia-specific genes 
and to repress transcription of neuron-specific genes (Fig- 
ure 2A). In the absence of the GCM protein, neuron- 
specific genes would be transcribed automatically and 
glia-specific genes would be inactive. 
Another, more complex model is that the neuronal path- 
way is not the default, but requires its own positive-acting 
transcriptional regulators (Figure 28, blue triangle). In this 
case, there would have to be a reciprocal inhibitory interac- 
tion between GCM and the neuronal determinants, to ex- 
plain the conversion phenotypes observed by addition or 
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Figure 2. Alternative Models for the Role of GCM in the Neuron-Glia 
Decision 
(A) GCM (magenta square) causes neuroglial progenitors that would 
become neurons by default to adopt a glial fate. In glial cells, GCM 
may both repress neuron-specific genes (N-specific genes; right) and 
activate glia-specific genes (G-specific genes; right). N/G-specific 
genes, genes specific to both neurons and glia. 
(8) Both neuronal and glial lineages require specific fate determinants. 
The glial fate is promoted by GCM, while the neuronal fate is promoted 
by a putative neuronal determinant (blue triangle). The gem mutant 
phenotypes would imply a reciprocal antagonism between these two 
determinants (yellow circle). In this model, N-specific genes would be 
transcriptionally inactive in the glial lineage owing to the absence of 
an N-specific determinant. 
deletion of gem function (Figure 28, neuroglial progenitor). 
A variant of the default model is a combinatorial one, in 
which the neuronal fate requires specific activators whose 
target specificity is changed by the presence or absence 
of the GCM protein. Such a model is appealing in that it 
postulates a commonality in the transcriptional regulatory 
machinery controlling the neuronal and glial fates. Mecha- 
nisms like this have been described for the transcriptional 
control of a or a cell type-specific genes in yeast (Johnson, 
1995). Whatever the case, any model of GCM function 
will have to take into account the fact that neuronal and 
glial phenotypes are not mutually exclusive at the molecu- 
lar level: there are an increasing number of genes pre- 
viously thought to be neuron specific, such as those en- 
coding certain kinds of ion channels, which are now known 
to be expressed in glia as well (Barres et al., 1990). Simi- 
larly, in yeast there are haploid-specific genes expressed 
in both a and a cells, in addition to genes specific to each 
cell type (Johnson, 1995). 
In a general sense, the mechanistic questions raised 
by the gem phenotype are not new; there are several cases 
in which the presence or absence of a transcriptional regu- 
latory molecule appears to control a binary switch between 
alternative neural fates. For example, the homeodomain 
protein-encoding gene cut controls a choice between ex- 
ternal sensory and chordotonal organs in the Drosophila 
PNS, although these alternative fates are not lineally re- 
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Figure 3. Relation of Cell Type Selection to the Choice of Neuronal 
versus Glial Fate 
(A) As suggested by Hosoya et al. (1995) and Jones et al. (1995) 
the type of neuron or glia generated by a particular lineage may be 
controlled by a common set of neuroglial cell type determinants (red, 
green, and blue circles). Different types of neurons and glia (type 1 
or type 2) would be specified by different subsets of the type de- 
terminants. Large symbols in (A) and (6) represent cell types as in 
Figure 2. 
(8) In a more complex version of this model, there are separate determi- 
nants for neuronal type (red, green, and blue triangles) and glial type 
(red, green, and blue squares). 
(C) Such a model requires that the expression of these type determi- 
nants be regulated by the determinants of neuronal or glial fate, includ- 
ing GCM. The alternatives in (A) and (B) also apply to the case in 
which the neuronal pathway is chosen by default (see Figure 2A). 
Many other models combining features of the extremes shown here 
are possible. 
. 
lated. Nevertheless, the loss and gain of function pheno- 
types for cut exhibit exactly the same kind of reciprocal 
conversion as seen for gem (Bodmer et al., 1987; Bloch- 
linger et al., 1991). And in C. elegans, the LIM protein- 
encoding gene mec3 controls a switch between alternative 
types of touch-sensing neurons that are normally gener- 
ated from a common precursor (Way and Chalfie, 1988). 
In these cases, the mutant phenotypes imply a dual action 
of the protein as an activator and repressor or as an inhibi- 
tor of a molecule controlling the alternative pathway of 
differentiation (or both). Interestingly, both of these fea- 
tures are characteristic of the cl repressor, which controls 
the choice between the alternative lytic and lysogenic 
states in bacteriophage lambda (Ptashne, 1988). 
A more difficult problem is to explain how the supernu- 
merary neurons or glia that are observed in gem loss or 
gain of function mutants, respectively, exhibit the cellular 
phenotypes specific for the lineage or position in which 
the interconversion occurs. It is suggested that this reflects 
the superposition of a common genetic program for neural 
cell type on the neuron-glia switch controlled by GCM 
(Hosoya et al., 1995; Jones et al., 1995). For example, 
neurons and ligament cells in the peripheral chordotonal 
sense organ would exhibit their characteristic chordotonal 
phenotypes owing to the action of a common set of genetic 
determinants, which specify chordotonal identity indepen- 
dently of whether the cells become neurons or glia. These 
type determinants (Figure 3A, small circles in neuroglial 
progenitor) would therefore operate to produce an extra 
neuron of the chordotonal phenotype when gem function 
is eliminated or to produce an extraglial cell of the chordo- 
tonal phenotype when gem is ectopically expressed (Fig- 
ure 3A, type 1 lineage). In other lineages such as the BD 
lineage, a different set of type determinants would be ex- 
pressed, thereby determining appropriate phenotypes of 
the normal and supernumerary neurons or glial cells (Fig- 
ure 3A, type 2 lineage). 
While such a model is attractive for its simplicity, it is 
also possible that neuroglial progenitors contain distinct 
type determinants for both the neuronal and glial pheno- 
types generated by a given lineage (Figure 38, triangles 
and squares in neuroglial progenitor). In that case, the 
expression or function of these type determinants would 
have to be under the control of the primary determinants 
of neuronal versus glial fate, e.g., GCM (Figure 3C). For 
example, in the glial pathway, the neuronal type determi- 
nants would be repressed; conversely, in the neuronal 
branch of the lineage, the glial type determinants would 
be repressed (Figure 38, compare neuronal and glial pre- 
cursors; cf. Figure 2). 
A final possibility is that the different types of glial cells 
that form in different lineages when GCM isoverexpressed 
look more different than they intrinsically are. In other 
words, the supernumerary glia generated by ectopic GCM 
may simply express location- or lineage-appropriate phe- 
notypes according to positional influences or local cell- 
cell interactions. There would then be no need to postulate 
a separate set of inherited intrinsic determinants of glial 
cell type, even if there are such distinct determinants that 
function in the neuronal branch of the pathway. In verte- 
brates, there is evidence that the phenotype of different 
types of peripheral glial cells can be interconverted by 
manipulation of environmental signals (Dulac and LeDou- 
arin, 1991; Riidel and Rohrer, 1992). It will become easier 
to evaluate these possibilities as more definitive molecular 
markers of glial subtypes become available in Drosophila. 
The pivotal function of GCM in controlling the neuron- 
glia decision raises the related questions of precisely when 
it acts and how it is regulated. GCM is normally not ex- 
pressed in bipotential neuroglial progenitors but rather in 
their progeny fated to be glia (Jones et al., 1995). This 
raises the question of whether GCM is required for the 
initial selection of the glial fate, or rather for an early stage 
in its execution. Furthermore, is the apparent asymmetric 
expression of GCM in the daughtersof neuroglial progeni- 
tors controlled by intrinsic determinants such as NUMB, 
by extrinsic determinants such as NOTCH, or by both? 
Although Hotta et al. illustrate GCM as acting “down- 
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stream” of the neural-epidermal decision controlled by 
Notch, Delta, and other neurogenic genes, experiments 
using temperature-sensitive alleles of Notch have sug- 
gested that this gene may function at later stages to control 
the choice between neuronal and glial fates as well 
(Hartenstein and Posakony, 1990). 
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The foregoing considerations indicate how the discov- 
ery of gem has opened up a number of new issues for 
further investigation. Like any important finding, this one 
raises more questions than it answers. Is gem the sole 
genetic determinant of the neuron-glia decision in Dro- 
sophila? The identification of a different mutation, san- 
podo, which affects the fate of other PNS glial cells not 
affected by gem, suggests not (Salzberg et al., 1994). In 
addition to the problems of fate determination and neuron- 
glia interactions highlighted for Drosophila, the cloning of 
gem of course raises the question of whether vertebrate 
homologs of this gene exist. Given the striking evolution- 
ary conservation of other Drosophila genes involved in 
neurogenesis and the apparently universal existence of 
common progenitors for neurons and glia, it seems highly 
likely that there are vertebrate gem homologs with similar 
functions. Given the evidence for epigenetic control of the 
neuron-glia decision in vertebrates, it will be of interest 
when such homologs are identified to understand how 
their activity and expression are regulated by signals in 
a neural progenitor cell’s environment. 
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